Background: Traditional open instrumentation may cause surgical complications due to fragile bones and induce medical comorbidities in senile patients. Vertebroplasty and kyphoplasty are palliative augmentation procedures that have been associated with increased risks of cement leakage, adjacent fractures and non-union. Objective: The aim of this study was to describe a novel approach for the union of osteoporotic vertebral compression fractures with minimally invasive open reduction and internal fixation. Patients and Methods: Seven consecutive patients with intractable back pain without neurological deficits due to osteoporotic vertebral compression fractures were treated using minimally invasive fixation with intra-vertebral expandable pillars and artificial bone substitute. The clinical symptoms and image findings were recorded. Results: All of the patients reported relief of back pain, and the height of the vertebral bodies was well restored. X-ray findings obtained 2 to 4 years after the procedures showed fracture healing and favorable formation of the callus confirmed in the anterior longitudinal ligament. Conclusion: This mini-open procedure with intravertebral devices is an effective and reliable technique for osteoporotic vertebral compression fractures and may avoid complications related to traditional open spinal instrumentation procedures and augmentation with bone cement.
Introduction
Osteoporotic vertebral compression fractures (OVCF) can cause extreme disability and morbidity in elderly people, and can be difficult to treat due to poor bone quality [1] . Open posterior long segment instrumentation and fusion are the traditional methods to repair vertebral fractures and correct kyphotic deformities [2] [3] . However, traditional open instrumentation with or without fusion can cause major complications including medical comorbidities due to a long operation time, extensive operative wounds, more blood loss, pulling out and subsidence of implants in fragile osteoporotic bones, and non-union of fractures [4] [5] .
Percutaneous vertebroplasty and balloon kyphoplasty can swiftly relieve back pain by providing mechanical support with bone cement [6] [7] . However, polymethyl methacrylate (PMMA)-related complications include cement leakage, pulmonary embolism, neurologic compromise and infection [8] [9] [10] [11] .
Over the long-term, bone cement leads to non-union due to osteolysis from the release of toxic monomers with PMMA debris, and intervertebral disc degeneration with adjacent vertebral fracture due to the stress-shielding from the inadequate mechanical strength [12] [13] [14] [15] [16] .
We recently introduced an intra-vertebral expandable pillars (I-VEPs) procedure, and demonstrated that it is effective in reducing collapsed vertebra and in providing fitting fixation for injured vertebra [17] . Posterior short-segment fixation with I-VEPs is an alternative procedure to relieve symptomatic local back pain and avoid a global domino effect in an osteoporotic kyphotic spine [18] .
The aim of this study was to describe our experience with minimally invasive spine surgery (MISS) for the serial restoration of collapsed vertebra. The procedures included insertion of I-VEPs and artificial bone substitute in osteoporotic patients without neurological deficits. The aims of the procedures were to avoid the detrimental effects of excessive open surgery and long fixation segments or PMMA-related complications, and also to provide mid-term outcomes of fracture union and pain relief.
Patients and Methods

Patient Population
This is a retrospective study of a consecutive series of seven patients with OVCFs Table 1 [19]. Radiographic outcomes were assessed by measuring the anterior vertebral body height and local kyphotic angle ( Figure 1 ). The patients included four women and three men, with an average age of 78 years (range 63 to 88 years).
The location of the OVCFs was distributed mainly at the thoraco-lumbar junction. With regards to the BMD of the lumbar spine, five cases were osteoporotic and the other two were osteopenia. A visual analogue scale pain score (VAS) and
Oswestry disability index (ODI) revealed severe back pain in all of the patients.
The Research Ethics Committee of National Taiwan University Hospital has approved this investigation.
Surgical Technique
The procedures were performed in the prone position over a C-arm fluoroscopic When bipedicular access had been obtained, the trocar was placed into the vertebrae via the guide wire, and 2 ml to 5 ml of artificial bone substitute (PRO-DENSE™) was injected on each side. One I-VEP was screwed into the vertebra through the same pedicle tract using a holding handle. This could be expanded by 3˚ to 4˚ after fastening the inner screw into the conical cavity through the holding handle using a customized I-VEP screwdriver. Another I-VEP was inserted after injecting the artificial bone substitute on the other side. The fully expanded I-VEPs were then disconnected from the holding handle after ensuring good positioning of the concentric implants in the central vertebrae for good restoration of vertebral height.
Results
We tried to make the wounds and blood loss minimum. All of the patients were discharged from hospital at post-operative day 2 to 4, and were encouraged to wear an extension back brace for at least 3 months. Before surgery, the average VAS and ODI scores were 8.7 and 50.9, respectively. At the 6-month follow-up visit, the average VAS and ODI scores had decreased to 1. 
Discussion
Treatment for patients with fragile and OVCFs is controversial and challenging.
Various techniques have been proposed to stabilize the spine, and debate continues as to which is the most beneficial and whether a posterior approach alone is better than an anterior approach or a combined approach. Similar discussions Bone cement injections were firstly applied in a patient with a symptomatic C2 hemangioma in the mid-1980s [23] . In the past three decades, percutaneous vertebroplasty has gradually gained popularity as a safe and effective technique to achieve immediate pain relief and improve the quality of life for old patients I-VEPs are made of titanium alloy due to its excellent biocompatibility and are designed as a hollow threaded cylinder filled with autologous bone graft. After good open reduction with adequate serial dilatation, the biological intra-vertebral body fixation of an I-VEP is used to reconstruct the compressed vertebra through internal mechanical support, and bony fusion is encouraged with enveloped bone chips [17] [18] . PRO-DENSE™, a fully synthetic composite material made from calcium sulphate (CaSO 4 ) and calcium phosphate (CaPO 4 ), is strong composite-like bone cement with good bone regeneration capacity [38] [39]. We used injections of PRO-DENSE™ in this study instead of autologous bone chips because of the small operative wound field for placing bone chips and to reduce comorbidities from harvesting autologous bone.
The cause of migration in Illustrative case 3 may be the severe vacuum of vertebral fracture, inadequate bone substitute supplemented or the smaller size of I-VEP implanted. We should supplement more abundant bone substitute after implanting larger size of I-VEP if encountering a severe vacuum of OVCF. In such cases, open fixation with augmented pedicle screws to the adjacent segments may be feasible.
In this study, we tried to promote union of the vertebral compression fractures with open reduction using serially enlarged dilatations, and internal fixation of the I-VEP and artificial bone substitute. This procedure was effective and safe for vertebral compression fractures. Further long-term prospective studies with larger series are needed to assess the effectiveness of this technique.
As for the limitation of the current study, one was that the number of patients was too small. The other was the study was a single arm study design. For a more realistic setting, future studies should include comparisons with kyphoplasty with a larger sample size and observe the long-term outcomes.
Conclusion
Minimally invasive open reduction and internal fixation with I-VEPs and artificial bone substitute is an effective and feasible procedure for union in patients with vertebral compression fractures. It allows for the preservation of motion in non-pathological segments and promotes fracture healing with good reduction and rigid fixation without the need for non-biodegradable cement augmentation.
